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EXPERTMENTAT, INVESTLGATION OF DROPLET VAPORIZATION UNDER
CONDITLONS OF HIGH TEMPERATURES AND PRESSURES™

by G. B. Petrazhitskiy

1. GENERAI: OBSERVATIONS

In order to design combustion chambers for rocket engines it is necessary
to have data on the rate of vaporization of the fuel droplets. According to
the present day concepts pertaining to the energy process in engines, the
vaporization of the droplets in the combustion chamber plays a very important,
in some cases even decigive, role. Not only the process of mixture formation
but also the stability of operation of certain types of engines is associated
with the rate of vaporization of the droplets. Notwithstanding the consider-
able number of studies that have been devoted to this question (e.g., refs. 1
and 2), both the specific features of the process of intense vaporization of
droplets and the characteristics associated with the vaporization of droplets
under conditions of high pressures have been almost entirely neglected.

In this article a brief description is presented of an experimental in-
vestlgation whose fundamental object was to obtaln data on the vaporization of
droplets in a gas stream under high temperature and pressure conditions. Silnce
the vaporization of droplets plays an important part in a number of processes
of the chemical and power production industries, the data obtalned in this in-
vestigation may also have a wider application.

For the investigation of the heat and mass transfer processes between the
droplets and the gas stream under conditlons of high pressure, it was found
necessary to design a relatively complex experimental apparatus, a general view
of which is given in figure 1. On this apparatus, the vaporization of droplets
of water, 96-percent ethyl alcohol, and the fuel TC-1 (kerosene) was investi-
gated. The droplets were vaporized in an alrstream. The tests were conducted
at pressures from 10 to 60 atmospheres in a range of alrstream temperatures
from 90° to 500° C. Another relatively simple apparatus was used for conduc-
ting the investigation at high temperature. The vaporization of water from a
surface of a porous sphere at atmospheric pressure was studied in this appara-
tus. In these tests the temperature of the gas stream about the sphere was
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maintained constant at approximately 2800° C.

2. EXPERTIMENTAT, APPARATUS FOR INVESTIGATING THE VAPORIZATION
OF DROPLETS IN THE REGION OF HIGH PRESSURES

The gas stream in this apparatus was produced by the use of compressed
alr. The air entered the pneumatic system from standard tanks under a pressure
of 150 atmospheres. The alr was conducted along high pressure mains to a
valve 1 (fig. 2) and then entered the silica gel adsorber 2, which absorbed
the molsture from the alr. To clean the sillca gel dust and other mechanical
admixtures from the alr, filters 3 were placed behind the adsorber. After the
alr passed through the filters, it then entered the alr reducer 4. The pres-
sure behind the reducer was adjusted to correspond with the given operating
conditions of the apparatus and could be any value between the limits 10 and
60 atmospheres. The air, reduced to the operating pressure, passed through
the receiver 5 and the shutoff valve 6 into the coll 7 placed in the tube fur-
nace and in this way was preliminarlly heated. Valve 8 served for purging the
alr from the system. From the coll, the alr entered the thick-walled pipe 9,
which was placed in the other four furnaces 10. Thig plpe had an internal
diameter of 26 millimeters and a wall thickness of 4 millimeters and was filled
with pieces of porcelain no larger than 4 millimeters in size. As a result,
the air in the pipe was well mixed and uniformly heated. The coil and pipe
were made of XI18HOT steel. Furnaces with thermal regulators were used to heat
the alr tube. The temperature in the furnaces was controlled by Chromel-Alumel
thermocouples in the vapor with cylindrical millivoltmeters 11 (fig. 2).

The pipe supplying the heated alr ended 1In a widened portion followed by
a nozzle 1 (fig. 3). The greatest dlameter of the nozzle was 40 millimeters;
the exit section of the nozzle had a diameter of 16 millimeters. In front of
the wldened part of the nozzle in pipe 2 were attached two round plates with
a large number of 0.5 millimeter-diameter openlngs. The nozzle and plates were
made of rustless steel. The pleces of porcelain in the supply plpe rendered
the flow turbulent and equalized the veloclity and temperature fields over the
pipe cross section. The perforated plates reduced the scale of the turbulence,
while the widening part of the plpe and the nozzle itself lowered the Ilntensity

of the turbulent pulsations somewhat.

According to the theory of free flow of a jet (ref. 3), the airstream be-
hind a nozzle has a core of constant velocitles. The vaporizing droplets
were giltuated at a distance of 6 millimeters from the nozzle and were found to
be in the core of the stream. The direct measurement of the veloelty in the
exit section of the nozzle of the pneumatic pipe showed that the veloclty at
a distance of 2 millimeters from the wall of the nozzle differs from the axial
velocity by no more than 8 percent. This permitted the assumption to be made
that the fleld of velocities at the nozzle exit was unliform and the value of
the veloclty in the working sectlon of the core of the stream was equal to the
value of the veloeclty in the exit sectlon of the nozzle.

The entire section after the alr supply pipe (including the wide part and
nozzle) was situated within the thick-walled chamber 12 (fig. 2), which was
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designed for high pressure. This chamber conslsted of a cylindrical steel
body 3 (fig. 3) with forward and rear covers 4 and 5 and rings 6 with plane-
parallel optical windows 7. The glass iIn the rings was made tight with the
bushings 8. The covers of the body served ag flanges for pipe 2 which supplied
the hot alr, and pipe 9, which conducted the hot alr away. In the upper part
of the chamber was placed a knob 13 (fig. 2) on whlch a device was mounted for
supplylng the working liguld to the chamber.

In cases when the temperature of the internal wallg of the chamber ex-
ceeded 100° to 150° C, cooling alr was supplied to the annular space 10 (fig. 3)
through a reducer 14 (fig. 2) and a two-way valve 15 (fig. 2). After cooling
the rings, the air passed into a collector 11 (fig. 3) and was admitted to the
atmosphere through condult 16 (fig. 2). The cavitlies of the chamber were made
alrtight with the aid of the packing 12 and 13 (fig. 3). The inner surface of
the chamber was covered with insulation 14 (fig. 3).

The temperature of the alrstream was measured by a thin Chromel-kopel*
thermocouple placed in the brass body 1 (fig. 4). The thermal electromotive
force was measured wilth a type PP potentiometer. The error In measuring the
temperature of the stream did not exceed 3 percent. A caplllary tube surrounded
by a cooling sleeved passed inside the knob 2 (fig. 4). Water was used as a
cooling liquid. The water entered from a tank 17 (fig. 2) and its consumption
was regulated by a needle valve 18. The excess pressure 1n the tank was main-
tained with the ald of the reducer 19 and a check valve 20. A valve 21 served
to relleve the tank pressure. The water was conducted away from the capiliary
cooling sleeve along a plpe 22. A Chromel-kopel* thermocouple with insulated
thermoelectrodes 0.05 millimeter In dlameter was placed 1n the capillary tube
The end of the thermocouple together with the hot Junction formed an accurate
sphere from which the droplets were suspended at the time of the tests. The
center of the sphere was located at a digtance of 4 mlillimeters from the lower
end of the tube.

The upper end of the tube was connected to the displacement device (fig. 4)
that supplied the Iinvestigated llquid to the capillary tube. TUpon issuing from
the lower end of the tube, the liquid formed a droplet which, when 1t attained
a certaln size, fell on the sphere at the end of the thermocouple. The thermo~
electromotive force was measured with a type PP potentiometer. The droplet
was suspended on the thermocouple only when 1t was necessary to determine its
temperature. For the measurement of the rate of vaporization, the droplets
were suspended not on the thermocouple but on the ball formed at the end of the
0.05-millimeter-dlameter Chromel wire. The center of the ball, as before, was
at a distance of 4 millimeters from the lower end of the caplllary tube. Spe-
clal tests and computations indicated that, under the conditions of the experi-
ment, the supply of heat through the wire was negligible.

The displacement device previously mentioned conslsted of a frame attached
to the knob of a rod 3 (fig. 4), a cylinder 4, and a supply screw 5. The nee-
dle valves 6, 7, and 8 were used to charge the cylinder with the worklng liquid,
which was transferred from a tank 23 (fig. 2) through a filter 24 by compressed

#Translation not available.



air. Between the cylinder and the frame was a ball joint 9 (fig. 4), which
permitted easy removal of the upper part of the deylce. Idquid was supplied
to the capillary tube by introducing the rod into the cylinder by means of the
screw. The pressure in the chamber was measured by a class 0.5 spring manome-
tere.

The airflow issulng from the mozzle 1 (fig. 3) and blowlng past the drop-
let entered the receiver pipe 9 (fig. 3). Outslde the chamber, this pipe had
a sleeve 15 (fig. 3) that was cooled with water from the water pipe. The water
entered the intersleeve space 16 (fig. 3) along pipe 25 (fig. 2) and was con-
ducted away along pipe 26. The preliminarily cooled air in the recelver pipe
entered the coll 27 lmmersed in the water flow conduit. The length of the coil
was fully sufficient for cooling the alr to the temperature of the water 1n the
water supply plpe. From the colls, the alr passed through a filter 28 and
arrived at a measuring needle valve 29 which regulated the alr consumption.

The pressure drop in the needle was supercritical for all operating conditions
of the apparatus. The alr consumptlon varied between the limits 0.36 to

2,30 grams per second. After passing out of valve 30, the alr entered the
straight portion of the condult, where its temperature, pressure, and quantity
were measured. The alr quantity was measured with a throttle disk 31 and a
DT-50 differentlal manometer. The temperature of the flow was controlled with
a thermocouple mounted in the speclal frame 32. TFrom the straight part of the
conduit, the ailr entered the cutoff valve 33 from which, depending on the posi~
tion of the valve, 1t moved to the atmosphere or the gas holder 34. When a
callibration was made of the throttle disk the alr was led to a gas holder. The
use of the gas holder was necessitated by the small values of the Reynolds num-
bers that occurred in the tests. These Reynolds numbers were below the limit-
ing values, and thus the coefficient of consumption of the throttle disk varled
as a function of the consumption. The error In measuring the comnsvmption did
not exceed 4 percent.

The rate of vaporization of the droplet was determined by the method of
moving plctures. As it was vaporizing within the chamber, the droplet was
projected on a moving picture film by means of a speclal optical system con-
sisting of the light source 35 (fig. 2), condenser 36, light filter 37, ob-
jective 38, and mleroscope 39, By means of the special attachment 40, the
mleroscope was connected with a type KC-50 moving pilcture camera 41. The drop-
let 1mage obtailned on the film was magnified from the actual 2 millimeter diam-
eter of the droplet to the dlameter of 14 to 15 mlllimeters; that is, the frame
was entlrely utilized. A white screen 42 was placed between the obJective and
the microscope. The droplet image was projected on this screen before photo-
graphing. At the instant the droplet fell from the end of the caplllary tube
onto the ball formed at the end of the filament, the screen was removed and
the moving plcture camera connected. A type MPOZ/D shunt motor 43 was used for
driving the camera. A gear reducer with variable pinions 44 permitted the
velocity of the film motion to be varied. In order to determine the scale of
the 1mage, the lower end of the caplllary tube, whose true dimenslon was accu-
rately known, was photographed on the fiim.

When the film was treated, the drop image was further magnlfied 20 times,
and the diameter was measured with an accuracy up to 1 millimeter in two mutu-
ally perpendicular directlions. This measurement technique was a necessary
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consequence of the fact that the droplet did not always have a spherlcal shape.
In further treatment of the experimental data, the diameter of the droplet was
taken equal to the arithmetic mean of the measured values. At some Interval
of time, the diameter of the droplet was nearly equal to the diameter of the
wire suspension ball. The moving plcture frames corresponding to this time
interval were not taken into account in working up the data, since the droplet
vaporization under these conditions could have been distorted.

3. DESCRIPTION OF EXPERIMENTAT, APPARATUS FOR THE INVESTIGATION

OF THE VAPORIZATION FROM THE SURFACE OF A POROUS SPHERE

IN THE REGION OF HIGH TEMPERATURES

For the investigations in the high-temperature reglon another experimental
apparatus was used, 1n which the investligated liquid was evaporated from the
surface of a porous sphere. Water was chosen as the llquid to be studied. A
porous sphere with a dlameter of 5.3 millimeters provided a model of an evap-
orating droplet. The sphere was slntered from fine metallic granules prepared
on a bronze base. The water was supplled to the center of the sphere with a
sprayer and needle for subcutaneous Iinjection. The sphere was attached on the
needle by means of a screw thread.

In thils apparatus a high-temperature gas stream was produced by an oxyacet-
ylene burner placed in a vertical position. The velocity of the stream was
measured by a cooled pneumatic tube of stalnless steel. On the tube was wound
a thin layer of ordinary cotton which started at a distance of 0.8 to 1 milli-
meter from the receiving end of the tube. When the pneumometric tube was
situated in the stream, the cotton was impregnated wilth water from time to
time. In this way, the surface of the tube always remained wet. The cooling
by evaporation was found to be sufficlently effective, and the recelving end
of the tube did not fuse.

The sphere was placed 1n the hot gas produced by the burner at a distance
of 7 millimeters from the tip and was malntained in that position for a given
time. ‘The rate of vaporization of the liquid which extruded onto the surface
of the porous sphere was measured by welghing the entire apparatus on analyti-
cal scales. The weighling was done before and after each test. The time of
vaporilization was determined by a timing device and was selected between the
1imits 60 and 68 seconds. During thils time, about 1 gram of water evaporated
from the surface of the sphere.

The part of the needle situated in the stream was cooled by the same
method as was used for the pneumometric tube. The thin layer of cooling cotton
started from a distance of 1 to 1.2 millimeters from the surface of the sphere
and covered the entire needle. The layer ended with a thilckening located out-
side the flow. The cotton wetted by water during the test did not manage to
dry completely and, in contrast to the cooling of the pneumatic tube, addition-
al impregnation of the cotton was not necessary. It should be remarked that,
because of the cooling produced by the vaporizatlon, the temperature of the
wall of the needle was near the temperature of the surface of the liquid film



vaporizing from the porous sphere. Hence, the water suppllied to the ceunter of
the sphere assumed a temperature approximately equal to the temperature of
equilibrium vaporization. In accordance with the experimental and theoretical
data presented in reference 4, the temperature of a jet in the sectlon where
the porous sphere was situated was taken to be 2800° C.

A speclal series of tests devoted to the measurement of the temperature
of the liquid film vaporizing from the surface of the sphere was conducted on
the described apparatus. The temperature was measured by a Nichrome-constantan
thermocouple with O.l-millimeter-diameter thermoelectrodes made of enameled
wire. The thermocouple was placed in an annular channel on the surface of the
sphere, and its ends were led along the previously mentioned needles under the
layer of the cooling cotton. The thermocouple was callbrated in the Flnal
assembled forme.

4. PROCEDURE OF CONDUCTING THE TESTS

As was mentloned previously, the vaporization of droplets of distilled
water, 96 percent ethyl alcohol, and the fuel TC-1 (kerosene) was studled on
the apparatus for investigating the processes of vaporization of droplets in
the region of high pressures. The droplets were vaporilized in an alrstream for
various velocities, temperatures, and pressures of the surrounding medium in
correspondence with the proposed problem. Since 1t was proposed to work up the
experimental data wlth the criterla of gimilitude, all the quantities required
for computing these criteria were measured in the tests.

Before lnvestigating the dependence of the processes of vaporization and
heat exchange of the droplets on the temperature and pressure, 1t was necessary
to study the dependence of these processes on the hydrodynamic conditions at
constant temperature and pressure. For this purpose the rates of vaporization
of the water droplets for various Reynolds numbers were measured in the first
gerles of tests. The Reynolds numbers were varied between 115 and 455 by
changing the consumption of the alr blown around the droplet. The pressure in
the chamber was maintained at 11 atmospheres and the temperature of the air-
stream was held at 322° C.

The droplets of water were vaporlized on the accurate sphere formed at the
end of the Chromel wire. The droplet dlameter varied from 2 to 1 millimeter.
The Reynolds number was computed from the aritimetic mean dlameter of the drop-
let over the perlod of evaporation. For each regime the tests were repeated
five to ten times., In the majority of cases the difference between the rates
of vaporization of the droplet under simllar condlitions did not exceed 6 per-
cent. Control measurements were conducted at the end of each series of tests.
For this purpose the apparatus was adjusted for one of the regimes and the
measurements were made repeatedly.

A second seriles of tests on water droplets was conducted for various tem-
peratures from 103° to 489° C and a constant discharge of air was blown past
the droplet. The pressure was maintalned at 11 atmospheres. The Reynolds num-
ber was changed only by the varlation of the viscosity of the alr with tempera-
ture. The viscosity of the alr was related to the temperature of the flow. It
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should be remarked that since the effect of the Reynolds number on the process
of heat exchange and wvaporization of a droplet was examined in the first series
of tests, 1t was not necessary that the Reynolds number remain constant in the
succeeding tests.

A third serles of tests with water droplets was conducted at various
pressures from 11 to 61 atmospheres. The temperature of the flow was varied
from 221° o 352° C, and the alr discharge about the droplet was maintained
constant.

A special gseries of tests was devoted to measuring the temperature of the
droplet. This measurement was conducted for all reglmes.

The 1limits of variation of the parameters in the tests with the droplets
of water are shown in table 1.

The droplets of 96 percent ethyl alcohol were vaporized in an alrstream
at various pressures and temperatures. The sphere formed at the end of the
filament had a dlameter of about 1.0 to 1.2 millimeters, while the dlameter
of the droplet varied during evaporation from 1.8 to 1.2 millimeters. In the
tests with ethyl alcohol the air discharge about the droplet was maintained
constant, while the Reynolds number computed from the mean diameter of the
droplet during the period of vaporization varied only because of the variation
of the viscosity of the alr with the temperature.

The first serles of tests with the alcohol was conducted at varlous tem-
peratures. The pressure was maintained at 11 atmospheres. The second seriles
of tests was conducted for variable pressure while the temperature of the air-
flow varied between small limits. The temperature of the droplets of the ethyl
alcohol was measured for all regimes.

Table 2 gilves the llmits of varlatlion of the parameters of the airflow in
the tests with droplets of 96 percent ethyl alcohol.

The flrst series of tests with droplets of TC-1 fuel (kerosene) was con-
ducted for varlious temperatures with the pressure at 11 atmospheres. As in
the tests wlth water and ethyl alcohol, the Reynolds number was varied only
because of the variation of the viscosity of alr with temperature. The air
dlscharge was malntalned constant. The second series of tests was conducted
for variable pressure. The temperature hardly varied. In order to determine
the 1limlts of variation of the temperature of the droplet of TC-1l fuel during
vaporization, the droplet temperature was measured at the start and at the end
of the vaporization. The droplets of TC-1 fuel changed their diameter from
1.8 to le2 millimeters during the test. The diameter of the wire bead on which
the droplet was suspended was chosen to be 1.0 to 1l.2 millimeters.

In table 3 the measured parameters of the alrflow in the tests with the
droplets of TC-1 fuel are given.



5. RESULTS OF THE EXPERIMENTAT, INVESTIGATTON

The chief experimental data obtalined on the apparatus described above are
presented in tables 4 to 8. The followlng notations are used in the tables:
d, diameter of droplet; 7, time; G, mass flow of alr over the droplet; G,
weight of vaporizing liquidj u, velocity of alrfiow; t,, temperature of alr-
flow; P, pressure; ty, temperature of equilibrium vaporizatlon of the droplet;
Re, Reynolds number computed for the mean droplet diameter during the perlod
of vaporization and for alr conditions at the determined temperature of the
alr flowlng past the droplet. The derivative of the square of the droplet
diameter with respect to time d(d%)/dr maintaired a constant value over the
investigated range of variation of the droplet diameter. The mean experimental
values of the quantitles d(dz)/dr and dG/dT, obtalned by repeated measure-
ments, are glven in the tables.

In conclusion we may note that the method of computing the Reynolds number
from the arithmetic mean dlameter of the droplets under the test conditions
does not lead to any conslderable error and can be based on the following con-
siderations. The maximum possible change of the droplet diameter in our tests
from d, =2 millimeters to dO/Z was observed during the vaporization of
water droplets. It can readily be shown that the actual mean diameter of the

droplet is
T
k
/ (a5 - k'r)l/z - ar

0 - 7
— . IR d
Ty 9

3 d
where T) = —ZEQ- is the time of vaporization of the droplet fram d, to do/z
and k = d(d%)/dt = const. The arithmetic mean dlameter for this case was
equal to (do + dO/Z)/Z, that is, 3/4 do» Slnce in the least favorable case
the actual mean dlameter of the viporizing droplet differed from the arithmetic
mean by not more than 3.6 percent”, the Reynolds number may be computed from
dgprith.mean Without introducing a large error. For the other investigated
liguids this difference was even smaller and constituted a magnitude not ex-
ceeding 2 percent.
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TABLE 1

Test Gy Re * teas
series g/sec a
1 0.47-1.86 | 115-455 322
2 1.14 388-237 | 103~-489
3 1.14 318-269 | 221-352
TABLE 2
Test Gv, Re tas
series| g/gec ?C
1 1.14 | 394-301 | 91-~239
2 1.14 331-328 | 196-200
TABLE 3
Test GV, Re oo
o
series g/sec c
1 0.81 | 256-211 | 144-272
2 1.13 | 223-310 | 231-234

atm

11
11
11-61

P)
atm

11
171-41

atm

11
11-41




Num-
ber

OCONoUk W

VAPORTZATION OF DROPLETS OF WATER

TABLE 4 TARLE 5
to = 322° C; P = 11 atm Gy = 1.14 g/sec
ty = 109° C
2 2
Gy» | Re éé%_l . 108, Num- | B, | 44, | tx, | Re Qég—l - 106,
(o] le) T
g/sec mz/hr ber atm| ~C C mz/hr
0.47 | 115 527 1 |11 |221] 93318 395
.58 | 141 568 2 |16 | 223|102 317 386
.68 | 167 607 3 |21 | 227|109 | 315 376
.79 | 193 657 4 |26 | 231|116 | 313 386
.90 | 220 696 5 |31 | 248 123 | 305 425
1.00 | 246 724 6 |36 | 267 129 | 298 486
1.11 | 272 778 7 |41 | 273] 137 | 296 479
1.22 | 298 831 8 |46 | 319 145|280 653
1.33 | 324 851 9 |51 | 353| 154 | 269 805
1.43 | 350 869 10 |56 | 348|157 | 271 783
1.54 | 377 892 11 | 61 | 352 159 | 270 816
1.65 | 403 950
1.75 | 429 963
1.86 | 455 979
TARLE 6

VAPORIZATTION OF DROPLETS OF 96 PERCENT

Num-
ber

QUWoO~NO UMW

l._l

atm

11
11
11
11
16
21
26
31
36
41

ETHYIL. ALCOHOL

z
te, | tk, | Re déd ). 108,
oc ox T
m? / hr

91| 57| 394 280
156 | 75| 354 669
196 | 82| 331 917
259 | 90 | 301 1465
197 | 88| 330 851
197 | 94 | 330 823
198 | 100 | 330 803
199 | 104 | 329 788
200 | 107 | 329 772
200 | 110 | 329 739
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TABLE 7

VAPORIZATION OF DROPLETS COF TC-1

FUEL (KEROSENE)

2

Num- | B, | %o, | Gy, |BRe déi )« 108,
ber | atm| ¥C | g/sec m?/hr

1 11 | 144 | 0.81 | 257 294

2 11 (185 .81 | 241 691

3 11 | 232| .81 | 223 1360

4 11 {272} .81 | 211 2100
5 31 | 234 | 1.13 | 309 903

6 41 | 231 1.13 | 310 716

TABLE 8

VAPORIZATION OF WATER FROM THE

SURFACE OF A POROUS SPHERE

dG
u’ P’ tc, tk, Re 'a;)
cm/sec | atm | ©C °c
g/sec
3549 1 | 2800 ‘ 90 ‘ 190 0.016,




1.

~ General view of

 d

experimental apparatus.
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Figure 2. - Schematlc of experimental apparatus.
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